Although the size-and shape-induced blueshift in the photoluminescence and photoabsorption of nanostructured ZnO has been extensively investigated, the underlying mechanism remains yet unclear. Here we show that theoretical reproduction of the observed trends clarifies that the blueshift originates from the Hamiltonian perturbation due to the broken-bond-induced local strain and quantum trapping and electron-phonon coupling in the surface skin up to two atomic layers in depth while bonds in the core interior retain their bulk nature. The extent of the blue shift depends on the tunable fraction of undercoordinated atoms in the surface skin. Therefore, the quantum confinement effect is indeed more "superficial" than first thought ͓H. 13 These models explained reasonably well the blue shift in the PL or the PA but not for both simultaneously. In fact, the PL and PA depend not only on the intrinsic E G but also on the extent of electron-phonon coupling.
ZnO nanostructures have attracted increasing interest owing to their fundamental significance and potential applications as the base materials for short wavelength semiconductor lasers, 1 electrodes for solar energy harvesting, 2 ultrafast nonlinear optical devices, 3 surface acoustic wave devices, 4 and photoluminescence ͑PL͒ sources. 5, 6 With the structural miniaturization, blueshift occurs to both the PL and photoabsorption ͑PA͒. The band gap ͑E G ͒, the PL͑E PL ͒, and the PA͑E PA ͒ energies of ZnO nanocrystals increase when the size is decreased 7 or the specimen's shape is changed from one-dimensional to three-dimensional of the same feature size. This trend has been observed frequently for ZnO nanodots, [8] [9] [10] nanorods, [11] [12] [13] nanobelts, 14 and nanofilms. 15 Numerous models have been developed for the blueshift of nanosemiconductors. The typical models include the quantum confinement, 7 color centers, 16 free-exciton collision, 17 surface states, 18, 19 and Burstein-Moss effect. 13 These models explained reasonably well the blue shift in the PL or the PA but not for both simultaneously. In fact, the PL and PA depend not only on the intrinsic E G but also on the extent of electron-phonon coupling. 20 A comprehensive understanding of the size and shape effect on the E G expansion and the blueshift of the PA and PL in ZnO nanostructures is highly desired but has not yet been realized. The objective of this work is to show that the E G expansion, PA and PL blueshift in ZnO nanostructures arises from: ͑i͒ the broken-bondinduced local strain and skin-depth quantum trapping and the associated electron-phonon coupling, and ͑ii͒ the tunable fraction of undercoordinated atoms in the surface of skin depth while bonds in the core interior remain as they are in the bulk, making no contribution to the size effect.
According to the nearly free electron approximation, the gap between the conduction and valence band depends uniquely on the first Fourier coefficient of the crystal potential E G =2͉V 1 ͉ ϰ ͗E b ͘ which is proportional to the mean cohesive energy per bond ͗E b ͘ where V 1 = ͐V cry ͑r͒e ikr dr is the first Fourier coefficient. With a given set of Bloch wave functions ͉͑k , r͒͘ under equilibrium conditions, the interatomic potential V cry ͑r͒ determines the intrinsic E G , which has little to do with the density or energy of the excitons. Any perturbation to the V cry ͑r = d͒ ϰ E b will modify the E G , if the ͉͑k , r͒͘ changes insignificantly with solid size.
On the other hand, according to the bond-order-lengthstrength ͑BOLS͒ correlation mechanism, 21 if one bond breaks, the remainder between the undercoordinated atoms will contract from the bulk value of d 0 to d i = c i d 0 and the cohesive energy per bond will increase from the bulk value of
The index m, being the bond nature indicator is not freely adjustable for a specific material. The subscripts i and b denote an atom in the ith atomic layer and in the bulk, respectively; c i is the coefficient of bond con-
−1 which replicates Goldschmidt's convention of "atomic coordination size." The effective coordination number ͑CN͒ z i of a specific atom in the ith atomic layer is curvature dependent, which satisfies the relation: z 1 =4͑1 − 0.75/ K͒, z 2 = z 1 + 2, and z 3 = 12, with K being the dimensionless form of size. 21 The K is the number of atoms lined along the radius of a sphere or across the thickness of a thin film.
Recently, we explored the elastic stiffening of ZnO nanostructures based on the BOLS consideration and found that the elastic modulus is proportional to the sum of binding energy per unit volume and that the size trend is dominated by a limited number ͑Յ3͒ of surface atoms while bonds in the core interior retain their bulk nature. 22 With the developed BOLS premise, we have also been able to reconcile the size dependence of various properties of nanostructures. 21 Taking the contributions of bonds between atoms in the outermost three atomic layers into consideration, the crystal potential and the associated E G of a nanostructure undergo a perturbation ⌬ H ͑Ref. 21͒
where ␥ i is the surface-to-volume ratio of different dimensionality, is the dimensionality, and =3,2,1 for a nanodot, a nanorod, or a nanofilm, respectively. The m for ZnO has been optimized as 2.4.
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In fact, the E PL or the E PA does not equal to the intrinsic E G because of the involvement of the electron-phonon coupling effect. In the process of PA, an electron absorbs energy E PA = E G + W and then was excited from the ground to the excited state creating a hole leaving behind the ground state. Then the excited electron undergoes thermalization and relaxes to the minimum of the excited state and eventually transmits to the ground state to combine with the hole. This PL process emits a photon with energy E PL = E G − W. 20 The W is an offset of the excited state with respect to the ground states, i.e., Stoke shift arising from electron-phonon coupling effect. The Stoke shift at the ith atomic site follows the relation of W i = Fd i −2 with F being a constant. 20 Counting the surface bond contributions, the size-induced E PA and E PL changes can be expressed as
where A = F͓E G ͑ϱ͒d 0 2 ͔ −1 is a constant, W͑ϱ͒ / E G ͑ϱ͒Ϸ0 because W͑ϱ͒Ϸ0.01 eV is negligible for bulk ZnO. 23, 24 In Eq. ͑2͒, the first part represents the relative change in the intrinsic E G originating from the Hamiltonian perturbation and the second represents the relative change of the Stoke shift due to electron-phonon coupling in the surface skin. If c i = 1, neither E G expansion nor PA and PL blueshift will happen. If the sum is over all the bonds, the relative change will not be K −1 dependent. We can determine the size trends of both E G and W by measuring the size dependence of the E PL and E PA with the relations of
Generally, the measured size trends of E G , E PL , and E PA follow the linear dependence on the inverse size
͑3͒
Equaling the measurement with the BOLS prediction allows one to determine the m and A values with the known bulk values of E l ͑ϱ͒ = B l and C l = ⌬ l ͑m , A͒ with B l being the Y-axis intersection and C l B l is the slope. In the course of processing, the known O-Zn bond length d = 0.199 nm ͑Ref. 25͒ and the E G ͑ϱ͒ϷE PL ͑ϱ͒ϷE PA ͑ϱ͒Ϸ3.32 eV 8, 23 were used. A calibration of the measured data was conducted to satisfy the relation ⌬E l ͑ϱ͒ / E l ͑ϱ͒ϵ0. Combining the PL and PA shift 7 in Eq. ͑2͒, we can also obtain
with =3, C PA = 0.88, C PL = 0.50, c 1 = 0.8756, and c 2 = 0.9376. Compared with the A values for Si ͑A = 0.91͒ and Ge ͑4.26͒, 20, 26 ZnO exhibits weaker electron-phonon coupling. This difference arises from that the Bohr exciton radius ͑about 2 nm͒ ͑Ref. 13͒ of ZnO is smaller than that of Si ͑4.9 nm͒ and Ge ͑24.3 nm͒. The smaller exciton radius results in the decrease in the oscillator strength of the transitions. 26 Figure 1 shows the reproduction of the experimentally and computationally observed size dependence of the E PA , E PL , and E G blueshift for different nanostructured ZnO with m value, as summarized in Table I . Exceedingly good agreement between predictions and measurements indicates that the impact of broken-bond-induced local strain and quantum trapping and the associated electron-phonon coupling at surface of skin depth dictates the E G expansion. The less consistency in the m values may arise from artifacts in the measurement or computations since the surface roughness, surface relaxation effects, and cross-sectional geometries of nanostructured ZnO as well as surface terminations might play a role in band gap modification. 27, 28 The ͗m͘ = 2.48 is closing to the value of 2.40 determined in Ref. 22 . In summary, based on the consideration of BOLS correlation and the electron-phonon coupling in the surface of skin depth, we have been able to reconcile the size trends of E G , E PL , and E PA for ZnO nanostructures. Consistency between predictions and observations evidences the validity of the developed approach, which strongly favors Winn's proposal 29 that the quantum confinement effect is indeed too "superficial" than initially thought and also supports the "color center" effect. 16 The bonds between undercoordinated atoms at sites surrounding atomic defects and at the surface undergo local strain and generate skin-depth quantum trapping, which enhances the Hamiltonian and the electronphonon interaction, and hence, the blueshift of the E G , PL, and PA energies for nanostructured ZnO. 
